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In ambient field studies conducted with aerosol time-of-
flight mass spectrometry (ATOFMS), individual particle mass
spectra commonly contain ion peaks at mass/charge
(m/2) 86, 101, 102, and 118. Particles with mass spectra
containing these peaks show a strong correlation with high
relative humidity and low temperatures. In an effort to
identify these peaks, a series of smog chamber studies were
conducted probing the chemistry of secondary and
tertiary alkylamines. Specifically, in separate studies,
trimethylamine, di- and triethylamine, and di- and
tripropylamine were reacted in a 1 m® Teflon outdoor
smog chamber with naturally occurring levels of gas phase
oxidants in ambient air. The aerodynamic sizes and
individual mass spectra of the resulting aerosol particles
were acquired continuously using aerosol time-of-flight mass
spectrometry (ATOFMS). Both oxidation and acid—base
reactions between amines and acids commonly present in
the atmosphere (i.e., nitric and sulfuric acid) appear to
play roles in the formation and chemistry of organic nitrogen-
containing particle phase species. lon peaks in the
individual particle mass spectra indicate the presence of
alkyl ammonium salts, as well as other tentatively identified
organic N-containing compounds formed by oxidation
processes. Also, for the first time, tertiary alkylamine-N-
oxides have been identified as alkylamine oxidation products
in the aerosol particle phase. Smog chamber reactions
involving triethylamine produce ATOFMS mass spectra with
similar ion peak combinations as those observed in the
spectra of particles commonly detected in ambient and
vehicular source characterization studies. The results of this
study suggest that amine chemistry involving gas-to-
particle conversion and photooxidation processes may
play a significant role in particle formation in regions with
high amine concentrations.

Introduction

Low molecular weight aliphatic amines are emitted by a
variety of widespread anthropogenic and biogenic sources,
constituting an important class of environmental pollutants
due to their toxic and odorous properties. A number of short
chain alkylamines have been detected in industrial emissions
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and car exhaust (1—3), as well as air samples from cattle
feedlots (4, 5), waste incinerators, and sewage treatment
plants (6). Contributions from these sources most likely lead
to ambient background levels of aliphatic amines; however,
few studies have addressed their chemistry and evolution in
the atmosphere.

A limited number of studies have investigated the
atmospheric reaction processes of amines. Typical estimated
atmospheric lifetimes for amines are on the order of a few
hours up to several tens of hours. Aliphatic amines absorb
light at wavelengths below 250 nm and thus do not undergo
photolysis in the troposphere. Like most organic compounds,
amines become transformed through reactions with oxidants
such as hydroxyl radicals and ozone (1). The reactivity of
alkylamines received some attention in the 1970s when the
carcinogenicity of their nitrosation products (nitrosamines)
(7, 8) was discovered. In particular, gas-phase secondary
amine photooxidation processes were studied in environ-
mental chamber reactions with FTIR detection (9). However,
after it was shown that nitrosamines rapidly undergo
photolysis in sunlight, and thus do not accumulate in the
atmosphere (10), the interest toward alkylamines decreased.
In studies of gas-phase amine photooxidation processes, as
reported by Finlayson-Pitts and Pitts, a significant fraction
of the reacted parent amine remains unaccounted for in the
identified gas-phase products (11). In general, the current
understanding of the gas-phase chemistry of amines is far
more developed than that for amines in the particle phase.
In fact, to our knowledge, just one paper reports a light
backscattering increase during di- and triethylamine smog
chamber photooxidation, indicating secondary aerosol for-
mation from alkylamines (9).

Over the past decade, a number of real-time single particle
mass spectrometry (RTSPMS) techniques have been devel-
oped, offering new opportunities for studying aerosol
particulate matter (12). Among RTSPMS techniques, aerosol
time-of-flight mass spectrometry (ATOFMS) can be used to
determine in real-time both the size and chemical composi-
tion of individual particles (13, 14). To date, ATOFMS has
been used primarily for studying atmospheric aerosols and
performing source characterization studies. In these studies,
interpretation of the mass spectra of inorganic single particle
types (e.g., sea salt, dust, soil) is relatively straightforward;
however, interpretation of the organic aerosol particle mass
spectra is a much more challenging task. This is due to both
the complexity of the organic matrix (i.e., a single particle
may contain hundreds of different organic species) and the
fragmentation processes that occur during the laser desorp-
tion/ionization (LDI) process.

Smog chamber studies can provide a bridge between the
data acquired in field studies and controlled laboratory
measurements by monitoring organic aerosol formation
processes in a less complex environment than the atmo-
sphere. Using this approach, mass spectral interpretation is
greatly facilitated by knowing the particular reactive organic
gas (ROG) that is the precursor of particle formation.
Identification of all reaction products in the particle phase
is not the goal of these studies. Instead, a more realistic goal
is to make “reasonable” hypotheses for some of the major
components that will allow particular particle types detected
in ambient air to be related to certain classes of emitted
compounds, which potentially can be associated with the
primary sources.

Thus, the major goals of the present work are 3-fold:
(i) test the utility of using ATOFMS as an on-line detector for
atmospheric reactions simulated in a smog chamber,
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(ii) investigate the mass spectra of secondary and tertiary
alkylamines, alkyl ammonium salts, and particles formed in
the presence of alkylamines and ambient gas phase oxidants,
and (iii) use the results of the laboratory investigations to
identify the species producing commonly observed ion peaks
in ambient particle mass spectra.

Experimental Section

Materials. The amine standards used in this study include
trimethylamine (TMA, 20% solution in methanol), diethyl-
amine (DEA), triethylamine (TEA), dipropylamine (DPA), and
tripropylamine (TPA). The standards were purchased from
Aldrich (Milwaukee, WI) and used without purification.
Deuterated triethylamine (TEA-d;s, 98%) was obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA).

ATOFMS Alkylamine Analysis. Aerosol time-of-flight
mass spectrometry (ATOFMS) has been described in detail
previously (13—15). For the experiments reported here, both
the laboratory-based (13, 14) ATOFMS and the transportable
dual ion version of the instrument (15) were used. ATOFMS
is capable of in-situ analysis of polydisperse aerosol samples
in real time, simultaneously providing precise aerodynamic
particle size and chemical information on individual particles.
The interface consists of a convergent nozzle, followed by
two and three differentially pumped regions in the trans-
portable and lab-based version of the instrument, respec-
tively. Pressures are successively lowered in each region to
reach an operating pressure in the time-of-flight mass
spectrometer of 1077 Torr. Particles are collimated into a
narrow beam as they move through the skimmers separating
the differentially pumped regions. Each particle then passes
through a light scattering region, where it successively
encounters the light from two continuous wave diode lasers.
The light scattered from a particle intersecting the first laser
is detected by a photomultiplier tube, which initiates a timer
inan electronic timing/logic circuit. At a fixed distance further
into the instrument, the particle crosses asecond laser beam,
orthogonally oriented with respect to both the particle beam
and the first laser beam, which results in a second scatter
pulse that halts the counting in the timing/logic circuit. The
measured particle transit time between the two scattering
signals is used to determine the velocity of each particle
traveling directly through the center of the light scattering
region and thus toward the ion source of the mass spec-
trometer. The velocity is used to obtain the aerodynamic
diameter (d,) of the particle, using a calibration curve
obtained using polystyrene latex sphere (PSL) suspensions
of known sizes in the range between 0.2 and 2.5 um. The
measured transit time is also used to synchronize the firing
of afrequency quadrupled (266 nm) Nd:YAG laser. This laser
pulse desorbs and ionizes molecules from the particle in the
ion source region of a reflectron time-of-flight mass spec-
trometer. Positive and negative ion mass spectraare acquired
separately by changing the applied voltages on the source
and reflectron regionsin the laboratory-based ATOFMS. The
transportable ATOFMS, equipped with a dual co-linear time-
of-flight mass spectrometer, acquires both positive and
negative ion mass spectra simultaneously. The resulting mass
spectra of the ions produced from each particle are recorded
and stored along with the particle transit time between the
two scattering lasers.

To investigate the laser desorption/ionization (LDI)
ATOFMS fragmentation patterns of standard (unreacted)
alkylamines, two particle generation techniques were em-
ployed. First, MilliQ aqueous standard solutions were
nebulized using a home-built Collison atomizer. The particles
obtained were characterized by a broad size distribution
covering the entire size range detected by the ATOFMS (0.2
um < da < 3 um) with a maximum at approximately 1.5 gm.
Mass spectra were obtained for both wet particles (directly

TABLE 1. Sequence of the Smog-Chamber Experiments
Performed and Relative Conditions

NOx 03 RH

day amine  (ppb) (ppb) % other conditions

7/16/99 TEA 75 15 56

7125/99 DEA 62 28 57

8/08/99 TPA 32 25 51

8/11/99 DPA 51 30 58

8/19/99 TMA 48 31 55

8/02/99 TEA 98 12 20 used asilica gel drier

8/21/99 DEA 20 clean air + CH3NO>
(~1 ppm)

8/18/99 DEA 65 26 62 dark

9/03/99 DEA 0.1 clean air + CH3NO>
(~1 ppm)

9/29/99 TEA-dis 74 12 52

introduced into the ATOFMS without a drier) and dry particles
(sentthrough asilica gel drier). In the second type of particle
generation experiment, particles were formed directly by
acid—base reactions and sent directly into the ATOFMS for
analysis. Aliquots of 1 mL of alkylamine and 1 mL of acid
(nitric, formic, or acetic) were introduced into a 5-L glass
bottle, instantaneously producing particles containing the
respective alkylammonium salts (nitrate, formate, or acetate).
In these experiments, the particle size distributions measured
by the ATOFMS were quite broad, with aerodynamic sizes
primarily between 0.2 and 1.5 yum and a maximum at
approximately 0.8 um.

Smog Chamber Experiments. Secondary organic aerosol
(SOA) particles were generated by simulating atmospheric
reactions in a 1 m® Teflon outdoor chamber. Wall losses,
probably significant in such a small bag, were not a concern
here given the aim of this study. The SOAs produced by the
reactions were analyzed continuously using the ATOFMS
connected directly to the chamber using a3/8 in.i.d. copper
sampling line. Limited by optical detection, the lower particle
size detection limit in these experiments was approximately
0.2 um. After several hours (typically 3—5, depending on the
amine and/or the daily ambient gas-phase concentrations),
particles with aerodynamic diameters ranging from 0.2 to
0.4 um were detected.

Experiments were conducted in July—September 1999 at
the University of California, Riverside. The procedure con-
sisted of filling the bag in the morning with particle-free
ambientair with gas phase concentrations typical of Riverside
summer conditions (see Table 1), adding a measured volume
of liquid-phase amine to produce a concentration of ap-
proximately 0.5 ppm, and exposing the contents to sunlight.
The amines were introduced by flowing a stream of air
through the inlet and outlet ports of a round-bottom flask
containing the desired amine directly into the smog chamber.
A HEPA capsule filter (Pall Gelman Laboratory) was used to
obtain particle-free ambient air for the experiments. The
HEPA filter was tested prior to each experiment using a
scanning mobility particle sizing (SMPS, TSI Inc., St. Paul,
Minnesota) system and the ATOFMS by connecting the filter
to the inlet of the sampling line and measuring the particle
counts. The SMPS showed the filter effectively removed
particles between 10 nm and 0.6 um. The ATOFMS indicated
that larger particles (da 0.2—3 um) were also removed. No
measurement was made on particles below 10 nm, and thus
it is possible that sub-10 nm particles were introduced into
the chamber.

Measurements of gas-phase species concentrations were
made with a number of instruments. Atmospheric NOx
concentrations were measured using amodel 42C Trace Level
Chemiluminescence NO—NO,—NOy analyzer (Thermo En-
vironmental Instruments Inc., Franklin, MA) calibrated with
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FIGURE 1. Temporal profile showing the percentage of particles with mass spectra containing an ion peak at m/z 86 sampled alongside
a freeway in Riverside, CA, in August of 1998. Wind direction of 270° was blowing directly from freeway toward sampling site.

a Series 100 computerized multi-gas calibrator (Environics,
Tolland, CT). O3 concentrations were measured using a model
1003 AH ozone meter (Dasibi Environmental Corp., Glendale,
CA). Relative humidity was determined using a digital
hygrometer-thermometer (Fisher Scientific, Tustin, CA).

A number of control experiments were performed. The
sequence of experiments and relevant conditions are reported
in Table 1. One control experiment involved filling the Teflon
bag with particle-free air from an air purification system
equipped with an activated charcoal cartridge for organic
compound removal, a CP blend media (Purafil Inc., Doraville,
GA) cartridge for NO, removal, and a silica gel drier. In this
case, radicals were produced by the photolysis of methyl-
nitrite (CH;ONO) at wavelengths above 300 nm. To obtain
an initial CH;ONO concentration of approximately 1 ppmyv,
0.5 Torr CH3sONO was added to the chamber. Other experi-
ments were carried out in the dark or at low relative humidity.

Results and Discussion

Ambient Observations. In previous field studies conducted
with ATOFMS, as well as a vehicular exhaust source
characterization study (16), particles containing ion peaks at
mass/charge (m/z) 86, 101, 102, and 118 have been observed.
The temporal profiles for particles with mass spectra
containing these peaks exhibit similar trends, although in
general, fewer contain m/z 101, 102, and 118. The most
consistently observed peak in the mass spectrum occurs at
m/z 86. On the basis of laser power dependence studies, it
appears that species producing the higher mass peaks
fragment to produce m/z 86.

Figure 1 shows the temporal evolution of the percentage
of particles with mass spectra containing m/z 86 sampled
within 20 ft of a freeway in Riverside, CA, during August
1998. Strong diurnal variations were evident. In general,
during this study, the percentage of particles with mass
spectra containing m/z 86 increased with decreasing tem-
perature and increasing RH. In addition, astrong correlation
between the percentage of particles with mass spectra
containing m/z 86 and the wind direction was evident. When
the wind was blowing directly from the freeway (~270°)
toward the sampling site, relatively high percentages of single
particle mass spectra with these peaks were observed. In
contrast, when the wind blew in the opposite direction, fewer
particle mass spectra with these peaks were detected. In
general, the highest percentage of particle mass spectra with
m/z 86 were detected when the wind blew from the freeway
toward the sampling site, and the temperature was low and
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relative humidity was high. However, there were time periods
(i.e., 8/4/98) when the temperature was relatively high (and
the RH was low) and the wind was blowing from the freeway
toward the sampling site that bursts of these particles were
observed. In general, over the course of this study, there was
a constant background of particles with mass spectra
containing m/z 86. The strong correlations with wind
direction suggest these species are associated with fresh
mobile emissions. Itisimportant to note that the Chino dairy
areais located approximately 15 miles upwind of the freeway,
and thus, when the wind shifted toward the sampling site,
it also brought contributions from the dairy area. However,
the observed instantaneous changes in the percentage of
particles containing m/z 86 with changing wind direction
suggest these species are emitted from a closely located source
and thus most likely produced by vehicles traveling on the
freeway. This is consistent with previous source character-
ization studies of mobile emissions that have also shown
single particle mass spectra with peaks at m/z 86, 101, and
102 [16].

Asimilar temporal profile for the number of particles with
mass spectra containing m/z 86 sampled in Atlanta, GA, in
January 1999 during the EPA SuperSite experiment is shown
in Figure 2. During this study, ATOFMS data were acquired
continuously over a month long period. Similar to the data
shown in Figure 1, during the four-day period shown, there
were distinct relationships between temperature, relative
humidity, and the number of particle mass spectra containing
m/z 86. In both Figures 1 and 2, the relationship between
relative humidity and temperature and the diurnal variations
of particle mass spectra containing m/z 86 is similar to that
of ammonium nitrate in ambient particles (17). The observed
correlations between particles with mass spectra containing
m/z 86 and temperature and relative humidity indicate the
species producing these peaks are semivolatile in nature.
These observations as well as results from a mobile source
characterization study inspired us to perform lab studies in
an effort to identify the species responsible for the described
combination of peaks at m/z 86, 101, 102, and 118. Amines
were initially selected for study based on the distinct mass
spectral fragmentation patterns (18). Contributions of ali-
phatic amines to organic aerosol particle formation have not
been previously investigated, although it is highly probable
that reactions occur between amines and acids present in
the atmosphere. Such reactions would produce the alkyl
ammonium salts in direct analogy to the reactions that occur
between ammonia and gas-phase acids. Moreover, like most
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FIGURE 2. Temporal profile showing the frequency of individual particles with mass spectra containing an ion peak at m/z 86 sampled

in Atlanta, GA, during the 1999 EPA Supersite experiment.

organic compounds present in the atmosphere, amines may
also react with OH, NOs, NO,, and Os, with the OH radical
reaction most likely being the most significant atmospheric
loss process. If the products of these reactions have lower
vapor pressures than the parent amine, or basic properties,
they also may contribute to particle formation together with
the alkyl ammonium salts.

Mass Spectral Interpretation. The current knowledge of
laser desorption/ionization (LDI) processes is still relatively
limited. However, the typical features in the resulting mass
spectra strongly depend on the operating conditions of the
laser (i.e., wavelength, power, beam homogeneity). Moreover,
when probing a particle with a high energy laser pulse, there
is the possibility of rearrangements and/or reactions of the
particle constituents in the laser plume. Therefore, under-
standing the complexity of ion formation processes, in
particular when analyzing organic substances, requires
detailed studies of the fragmentation patterns for the
chemical class of interest under the same experimental
conditions (19). In this study, reaction products are proposed
that have not been identified before in the particle phase.
Therefore, it is necessary to prove that these species actually
were present in the particles and not just formed in the laser
desorption plume from ion—molecule reactions of the parent
amine. To this end, a preliminary investigation was carried
out to characterize the behavior of amine compounds during
ATOFMS LDI analysis. The ATOFMS results obtained for
alkylamine aqueous standard solution droplets and the
respective alkyl ammonium salts are described in the
following section.

Standard Amines and Alkyl-Ammonium Salts ATOFMS
Mass Spectral Characteristics. Alkylamine Aqueous Standard
Solutions. Standard solutions containing trimethylamine, di-
and triethylamine, and di- and tripropylamine were nebulized
into the ATOFMS. The ATOFMS LDI mass spectra of the
resulting particles are comparable to those obtained in both
chemical ionization (19, 20) and multiphoton ionization (21,
22) studies reported in the literature. Representative mass
spectra for each of the compounds studied are shown in
Figure 3.

Aliphatic amines possess very low ionization potentials.
However, the presence of the amine leads to cleavage reaction
initiation in such a powerful way that the molecular ion
abundance in the electron impact mass spectrum is usually
negligible. In general, the most important primary fragmen-
tation process occurring for aliphatic amines involves the
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FIGURE 3. Representative mass spectra for individual alklyamine
particles generated from aqueous standard solutions. (A) trimethyl-
amine (TMA), (B) triethylamine (TEA), (C) tripropylamine (TPA), (D)
diethylamine (DEA), and (E) dipropylamine (DPA).

removal of one of the electrons from the lone pair on N and
cleavage of the C—C bond a to the nitrogen, with loss of the
heavier alkyl group favored. This cleavage explains the
presence of the fragments at m/z 58 [C,HsNH=CH,]", 72
[C3H7NH=CH2]+, 86 [(C2H5)2N=CH2]+, and 114 [(C3H7)2N=
CH,]* in the mass spectra of DEA, DPA, TEA, and TPA,
respectively. Other processes may also occur to a lesser extent,
leading to smaller fragments, such as the signal at m/z 30
[CH,=NH,]" in many of the alkylamine mass spectra.

As shown in Figure 3A—C, ATOFMS analysis of trialkyl-
amines produces relatively simple spectra with the most
abundant signals at [M]* at m/z 59, 101, and 143 for TMA,
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FIGURE 4. Representative positive ion single particle mass spectra
obtained for alkyl ammonium nitrate particles. (A) trimethyl
ammonium nitrate, (B) triethyl ammonium nitrate, (C) tripropyl-
ammonium nitrate, (D) diethylammonium nitrate, and (E) dipropyl-
ammonium nitrate.

TEA, and TPA, respectively. In addition, a major fragment
occurs for TEA and TPA at m/z 86 and 114, resulting from
loss of a methyl and ethyl group, respectively, leading to
formation of an immonium ion, [R;N=CHj]", as discussed
above. None of the standard amines analyzed produced
negative ion mass spectra.

In contrast, the mass spectra for the dialkylamines (DEA
and DPA), Figure 3D,E, obtained under the same conditions
are more complex. In addition to the protonated, [MH]",
and unprotonated, [M—H]", molecular ion, DEA and DPA
particle mass spectra also show a signal at [(M—1)+14]" at
m/z 86 and 114, respectively. One possible explanation for
these peaks is the high concentration of amine in the ion
plume, both in the ionized/fragmented and neutral forms,
which leads to ion—molecule reactions. Specifically, the
reaction between the fragment of the general structure
[CnHR+1NH=CH,]" and a neutral molecule of dialkylamine
could give rise to the observed signal as shown here for DEA:

Et H Et
H '
Et—(%———_CHz + H—N ——=  Et——NH-I—CH,—NH

Et e
m/z 58 [1]
® _Et
Et——NH, + CH,==N
\El
mwz 86

Alkyl Ammonium Salts. In this set of experiments, as
described in Experimental Section, particles were formed by
acid—base reactions. Nitric, formic, and acetic acids were
used, representing both inorganic and organic carboxylic
acids commonly found in ambient air. Figure 4 shows
examples of representative ATOFMS single particle mass
spectra for alkyl ammonium nitrate particles formed by
reactions of nitric acid and each amine. In general, the peaks
observed in the alkyl ammonium salts are very similar to
those observed in the mass spectra of each respective amine
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(Figure 3). In direct analogy to the standard amine spectra,
the mass spectra of trialkyl ammonium salts, organic and
inorganic, and dialkyl ammonium organic salts contain [M]*
(Figures 4A—C) for the tertiary amines (TMA, TEA, TPA) and
[MH]* for the secondary amines (DEA, DPA) (Figure 4D,E).
Although not as common as with the standard amines, dialkyl
ammonium nitrates occasionally produce the [(M—1)-+14]*
signal described in the previous paragraph. In the dialkyl
ammonium organic salt mass spectra, more extensive
fragmentation is observed at lower m/z ratios. This extra
fragmentation may be due to stronger absorption by the
salts of the ultraviolet radiation.

Summary of Alkylamine and Alkyl Ammonium Salt
Standard Particle Mass Spectra. The ion peaks at m/z 86,
101, and 102 were observed in the spectra of a number of the
amines studied. Specifically, both the standard amines and
alkyl ammonium salts of TEA and DEA can account for the
peak atm/z 86. In fact, in previous ATOFMS studies, anumber
of amines have been shown to produce the ion peak at m/z
86, suggesting this ion peak might be a good general marker
for amine compounds (19). However, to use m/z 86 as a
general marker for amines in ambient studies, other ion peaks
consistent with amines must be present in the same single
particle positive and negative ion mass spectra. Particle mass
spectra of both TEA and TEANO; contained the peak at m/z
101. The ion peak at m/z 102 was observed for TEA, DPA,
and TEANO;, and DPANOs. However, none of the amine
standards or salts produced the peak observed at m/z 118
observed in ambient studies. Since it was not a significant
peak in particles produced in the dynamometer study, it
appears that this peak is produced by reactions of mobile
emission particles that occur in the atmosphere. In an effort
to simulate those reactions and produce particles with m/z
118, the series of smog chamber reactions described in the
next section were performed.

Smog Chamber Reactions of Alkylamines. To study
aerosol formation in the presence of short chain alkylamines,
ATOFMS was employed as an on-line detector for smog
chamber experiments. This experiment differed from tra-
ditional smog chamber studies by using real ambient air as
opposed to the standard configurations that use air with
relatively high levels of added oxidants. The high sensitivity
of the ATOFMS system allows one to monitor the resulting
low particle product concentrations. These studies were
performed using ambient concentration levels of gas-phase
species (e.g., NOx, Oz) to make the reaction processes
occurring in the smog chamber more representative of
processes that occur in the atmosphere. All five amines
produced aerosol particles during the smog chamber reac-
tions performed according to the procedure described in
Experimental Section.

The aerodynamic diameters of the particles detected by
ATOFMS in all the alkylamine reactions were in the 0.2—0.6
um size range. Representative mass spectra for particles
obtained from the various amine smog chamber reactions
are shown in Figure 5. The spectra for these particles typically
exhibit similar features in the low mass range, due to
analogous fragmentation patterns for most of the compounds
formed in the alkylamine reactions. Differences are found
instead at higher masses and can be attributed to the
oxidation products characteristic of each amine. All negative
ion mass spectra reveal the presence of nitrates and, less
frequently, sulfates, as well as signals from organic com-
pounds.

Tertiary Alkylamine Reactions—Positive lon Mass Spectra.
When the parent compound leading to particle formation is
atertiary alkylamine, the mass spectra obtained are relatively
simplistic. As shown in Figures 5A—C, the new feature that
was not observed in the amine standard or alkyl ammonium
salt particle mass spectra is the ion signal at [M+17]*, m/z
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FIGURE5. Representative positive ion single particle mass spectra
obtained from alkylamine reactions in a smog chamber. Reactant:
(A) TMA, (B) TEA, (C) TPA, (D) DEA, and (E) DPA. Most probable
assignments for major ion peaks: (A) m/z 58, 59, 60, assigned as
[M—H]*, [M]*, and [MH]*, respectively, and m/z 76 [TMAOH]*; (B)
milz86 [(CoHs),N=CH,]*, m/z100, 101, 102, [M—H]*, [M]*, and [MH]",
respectively, and m/z 118 [TEAOH]*; (C) m/z 72 [C4HoNH]*, m/z 100
[(CQH7)2N]+, miz114 [(C3H7)2N=CH2]+, mlz 143 [M]+, 144 [MH]+, and
mi/z 160 [TPACH]*; (D) and (E) see text.

76 for TMA, m/z 118 for TEA, and m/z 160 for TPA. Most of
the other signals were also observed in the standard amine
and alkyl ammonium salt particle mass spectra. Specifically,
forthe TMA, TEA, and TPA reactions, the base signal is always
[M]* at m/z 59, 101, and 143, respectively. In addition, ion
peaks resulting from alkyl losses are also observed at m/z 86
[(C2Hs),N=CH,]" and 114 [(C3H7);N=CH,]". These peaks are
coupled with two less intense signals resulting from pro-
tonation and deprotonation of the molecular ion [M]* of the
parentamine. About 20—30% of the particles formed by TMA
reactions also have signalsat m/z 62, 72, and 91. On the basis
of gas-phase amine reaction products reported in the lit-
erature (1, 5, 9), these signals can be tentatively assigned to
[(CH3)2NHOH]+, [CH2=N(CH3)CHO]+, and [(CH3)2NHN02]+,
respectively. Particles with a signal at m/z 91 in the positive
ion spectrum also show a corresponding peak in the negative
ion mass spectrum at m/z —90.

Secondary Alkylamine Reactions—Positive lon Mass Spec-
tra. Figure 5D,E show the mass spectra of particles generated
in the dialkylamine reactions. In comparison to the mass
spectrafor the tertiary amines (Figure 5A—C), more ion signals
are observed at m/z values higher than the molecular ion
[M]*. This is especially true for DPA. The additional peaks
suggest that secondary alklyamines are more reactive and/
or undergo more rearrangement reactions in the ion plume
than tertiary alklyamines and their corresponding reaction
products.

Figure 5D shows a typical mass spectrum for particles
formed from reacted DEA. A common characteristic of the
DEA spectra is the presence of ion peaks at m/z 70, 72, and
74. This trio of peaks was also observed in the standard DEA
particle mass spectra. The signal at m/z 86 is often the most
intense and can be explained by the ion—molecule reaction
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FIGURE 6. Examples of negative ion single particle mass spectra
obtained from alkylamine reactions. Reactant. (A) TMA, (B) TPA.
Most probable inorganic ion assignments: m/z 46 [NO,]~, mi/z 62
[NOs]~, miz97 [HSO4]~, m/z 125 [HNOsNO;] . For most likely carbon-
containing ion assignments, see text.

described in the section on ATOFMS mass spectral char-
acteristics of “Alkylamine Aqueous Standard Solutions”. The
peaks at m/z 100, 101, and 102 are unique to the diethyl
ammonium nitrate mass spectra and thus may be indicative
of LDI plume reactions.

An example of a reacted DPA particle mass spectrum is
shown in Figure 5E. As observed in the standard amine
particle mass spectra, peaks occur at m/z 100 [M—H]*, 101
[M]*, and 102 [MH]*. lon signals unique to the reacted
particles appear at higher m/z ratios, including 128, 142, and
160. Assignments are not made for these peaks because
without off-line confirmation or information from previous
studies, they would only be speculation. For the purposes of
this paper, it is important to note that, in general, there are
more high mass ion peaks observed in the particle mass
spectra formed from the secondary alkylamine as compared
to the tertiary alkylamine reactions. This demonstrates that
secondary amines undergo different chemistry and appear
to be more reactive than tertiary amines based on the relative
complexity of the mass spectra.

Alkylamine Reactions—Negative lon Mass Spectra. For all
of the alkylamines studied, most of the ATOFMS signals
obtained in negative polarity indicate the presence of nitrate
and, less frequently, sulfate, e.g.,, m/z —42 [CNO]~, —46 [NO_] -,
—62 [NO;;]_, —80 [503]_, —-97 [HSO4]_, and —125 [H(NO3)2]_
(Figure 6). Nitrate and sulfate may be present in the particle
phase due to gas phase reactions between basic compounds
(alkylamine and possibly their reaction products) and nitric
and sulfuric acid. These acids are formed from the atmo-
spheric oxidation of sulfur and nitrogen oxides. The possibility
exists that, when filling the bag with ambient air, the HEPA
filter did not completely remove all ultrafine particles with
da below 10 nm, thus introducing sulfate and nitrate in
condensed form. However, because of their small size, these
particle seeds would probably not contribute significantly to
the measured nitrate and sulfate ion signals. On the basis of
the observed intensities, it seems more likely that nitrate
and sulfate detected in the particles are the result of acid—
base reactions with the alkylamines. In addition to nitrate
and sulfate signals, each amine gives rise to characteristic
negative ion signals. For instance, about 60% of the particle
mass spectra obtained from the TMA reaction (Figure 6A)
produce the m/z —90 signal, possibly dimethylnitramine
[CH3N20,]~ and, as stated previously, a positive ion signal in
the corresponding positive ion mass spectrum at m/z 91.
The signal at m/z —74 is most likely the fragment [CH3N,O]~
obtained by loss of an oxygen, as opposed to dimethyl-
nitrosamine. In fact, as indicated previously, nitrosamine
should be rapidly converted to nitramine in the presence of
light. However, since nitrosamines are known to be harmful
to human health, the possibility of its presence in the

VOL. 35, NO. 15, 2001 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3135



101 d,=0.32 pm
A Reacted
86 TEA
118
%’ -
5B < d.= 046 pm
= Ambient
-
2
- 118
% 102
~
C d,=0.63 um
86 Ambient
118
102
LLL_.,IL..“,JJLJ,... b ™
T T
40 80 120 160 2
m/z

FIGURE 7. (A) Representative positive ion particle mass spectrum
from the smog chamber reaction of TEA, (B) and (C) Representative
positive ion mass spectra for ambient particles sampled in Riverside,
CA.
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FIGURE8. Typical positive ion single particle mass spectra obtained
from deuterated triethylamine (TEA-dis) reactions in smog chamber.
Probable assignments for major ion peaks: m/z98[(C,Ds),N=CD,]",
mlz 114 [M—D]*, 116 [M]*, and m/z 133 [TEA-0isOH] ™.

condensed phase should be addressed in future studies. The
consistent appearance of the m/z —72 signal is possibly due
to [(CH3):NCO]" (see Figure 6A). The reacted DEA and TEA
negative ion spectraare quite simplistic, with the only organic
signal found at m/z —88, which is most likely the fragment
ion [(C2Hs):NO]~. Characteristic negative ion mass spectral
signals of TPA reaction are found at m/z —128, possibly
[(C3H7)2NC2H5]7, —100 [(C3H7)2N]7, and —72 [(Csz)zN]f.
These negative ion signals were not observed for the pure
amine and thus are reaction products or the result of matrix
effects inducing differences in plume chemistry. The m/z
—146 signal is possibly due to nitramine (Figure 6B).

TEA Reaction Peak Assignments. The mass spectra of
particles formed in the TEA smog chamber experiments
produced the identical combination of ion peaks detected
in ambient studies as shown in Figure 7. Figure 7A shows a
representative spectrum for an individual particle sampled
during the smog chamber reactions of triethylamine with
ion peaksatm/z 86,101, and 118. Figure 7B,C shows particles
sampled in ambient air with a similar combination of ion
peaks at m/z 86, 102, and 118. On the basis of the results
from the standard amine and alkylammonium salt mass
spectrometry studies, the peaks at 86, 101, and 102 in the
particle mass spectra from the TEA reaction can be assigned
to an amine fragment, most likely [(C:Hs),N=CH,]*, TEA™,
and TEAHT, respectively. However, the peak at m/z 118
observed in particle mass spectra from the triethylamine
smog chamber reaction was not observed in any of the
standard amine or alkyl ammonium salt spectra. Initially, it
was hypothesized that the signals observed at [M+17]" for
the different amines could be due to the formation of alkyl
carbammic acids and/or their carbonyl-hydroxy isomers
([CH3NH2COOH]+, [(Csz)zNHCOOH]+, and [(C3H7)2NHCH2-
COOH]"). To test this hypothesis, an analogous smog
chamber experiment was performed using fully deuterated
triethylamine, TEA-d1s. The mass spectrum for a representa-
tive particle formed in the TEA-d;s reaction isshown in Figure
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TABLE 2. Comparison of Mass S%ectral Signals Obtained for
?E/&tlgles Formed in Smog Chamber Reaction of TEA and
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FIGURE 9. (A) Mass spectrum of a suspended solid particle of
commercially acquired TMAO, and (B) Mass spectrum of reacted
TMA. For ion peak assignments, see body of text.

8. Ifthe resulting product from the smog chamber experiment
contained just 10 hydrogen atoms instead of the initial 15
(i.e., m/z 128), this would indicate carbammic acid (i.e.,
[(C2Ds),NHCOOH]*) formed in the reaction. The experi-
mental results reveal that only approximately 4% of the
particles give the corresponding peak at m/z 128. Instead,
the majority of the spectra produce a signal at m/z 133,
corresponding to [M+17]", in direct analogy to the product
observed in undeuterated TEA reaction at m/z 118.

Table 2 provides a direct comparison of the mass spectral
signals obtained from reacted TEA and TEA-d;s particles
(Figures 5B and 8), illustrating the common ion peak patterns.
The assignment for the last peaks in the table at m/z 118/
133, resulting from a compound containing the alkyl structure
of the intact parent amine (15 H atoms), was not obvious
initially. However, it has been well documented in the
synthetic organic chemistry and biochemistry literature that
tertiary amines can be oxidized readily through a number of
different pathways to trialkylamine-N-oxides (23). This
product would correspond to peaks at m/z 117 for TEA and
132 for TEA-d1s. However, peaks are detected at 118 and 133,
indicating that these species become protonated in the LDI
plume during analysis. Thus, the protonated forms of
triethylamine-N-oxide (TEAO), trimethylamine-N-oxide
(TMAO), and tripropylamine-N-oxide (TPAO) are the most
probable assignments for the [M+17]" signals. Resonance
structures for TEAO are shown below.

Et 0]
\; S Et\N /0 ”
e” % ¥ Ty,
Et Et ,Et

ATOFMS Mass Spectra of Trimethylamine-N-Oxide. To
further test whether trialkylamine-N-oxides are formed as
oxidation products of trialkylamine reactions, the mass
spectral characteristics of the only commercially available
alkylamine-N-oxide, trimethylamine-N-oxide, were inves-
tigated using ATOFMS. Spectra were collected for suspended
solid particles, particles produced from nebulized aqueous
solutions, as well as particles produced from nebulizing the
same solutions acidified with nitric acid. The representative
mass spectrum for a suspended solid TMAO particle is shown
in Figure 9A. For all methods of generating TMAO particles,
when the molecular ion is present, it occurs in the protonated



form [MH]", as indicated by the signal at m/z 76. The
percentage of particles containing the [MH]" signal is larger
for atomized droplets of the acidified aqueous solution
(~90%) than in the other cases (~50%). Major fragments
occurat m/z 58,59, and 42, [M-OH]*, [M-O]*, and [CoHsN] ™,
respectively. Figure 9B shows the mass spectrum from asingle
particle obtained in the smog chamber reactions of TMA.
Comparing Figure 9A and 9B, the mass spectrum of the
standard TMAO particle is identical to that obtained for
particles formed upon reaction of trimethylamine. This
experiment allows for the assignment of the [M+17]" ion
peak at m/z 76 observed in smog chamber reactions of TMA
to the protonated form of oxidized TMA, [TMAOH]". Indirect
analogy, these results, as well as those obtained in the TEA-
dis reactions, confirm the assignment of the peak at m/z 118
in particles formed in the triethylamine smog chamber
reactions as [TEAOH]". By direct extension, the ion signal at
m/z 118 observed in ambient particle mass spectra can be
assigned to [TEAOH]". To the best of our knowledge, this is
the first time oxidation products of alkylamines have been
observed in the condensed phase of aerosol particles.

Control Smog Chamber Experiments. As mentioned in
the Experimental Section and detailed in Table 1, a number
of control experiments were performed. To confirm that
particle formation is related to the presence of the amines
in the Teflon bag and not due to contaminants present in
ambient air, a control experiment was performed using air
from our lab purification system. As expected, under these
conditions, the reaction did not take place because of the
absence of free radicals and nitric acid precursors. Thus, 1
ppmv CH;ONO was added, as a source of free radicals. It
must be noted that the irradiation of methylnitrite can also
lead to formation of nitrogen dioxide, and in turn nitric acid
(24). Because of the high radical concentration, particle
formation occurred much faster and particles were detected
by the ATOFMS after only several minutes of reaction. The
mass spectra are very similar to those obtained under
previous conditions. The only differences were the frequent
presence of a peak at m/z 139 and, for a few particles, signals
at higher masses. These peaks are not commonly observed
in ambient particles, where the oxidant concentrations are
lower, and thus most likely are products of further oxidation
processes. Since the major focus in this study is to simulate
atmospheric reactions, particle-free ambient air with natural
oxidant levels was used as the reaction medium instead of
clean air with higher radical concentrations from added
CH3ONO.

The same “clean” reaction has been carried out in a dry
environment, with a RH of approximately 0.1% and in this
case no particle formation was observed upon adding
CH3ONO. Particle formation took place instead after addi-
tion of water vapor. Most of the published literature on
homogeneous particle nucleation concerns the binary system
H,SO,—H-0, and no information is available on the role of
relative humidity in other nucleating systems. However, water
may enter in the early nucleation process, facilitating the
formation of clusters leading to stable ultrafine particles. It
is also possible that water assists in the dissociation of the
alkyl ammonium salts, driving the gas/particle equilibrium
(i.e., partitioning) toward the particle phase over the gas
phase. These preliminary results show the importance of
water in alkylamine condensed phase chemistry and suggest
that further experiments are necessary to fully characterize
the role of water on these reaction processes.

To test the importance of sunlight irradiation for particle
formation, a DEA experiment was conducted under the same
conditions reported in the previous paragraph, except in the
absence of light. The bag was filled with filtered ambient air,
and DEA was added. The bag was stored in the dark, and the
contentwas monitored every few hours. No particle formation

was detected by the ATOFMS over a 24-h period. This can
be explained by the fact that sunlight is necessary for initiating
the photooxidation of the amines, as well as for producing
nitric acid and thus acid—base reactions leading to alkyl
ammonium salts.

Reaction Mechanism. Under typical LDI conditions,
ATOFMS mass spectra often do not allow for definitive
identification of the organic compounds present in the
condensed phase. However, the observed signals may serve
as useful indicators for some of the major constituents and
thus the reaction mechanism leading to particle formation.
Comparison of the data obtained in the TEA and TEA-dis
experiments, as well as the particle mass spectra formed
from the TMAO standard and the analogous smog chamber
reaction of TMA, suggest the formation of trialkylamine-N-
oxides, species that have not been reported before for
atmospheric gas or particle phase samples. The transforma-
tion of tertiary amines to the corresponding amine oxides
may occur in the presence of different oxidizing agents,
including peracids (25), hydrogen peroxide (26, 27), and
alkylperoxy radicals. The reaction involves a nucleophilic
attack of the amine on the O—0O bond. The reaction with
RO,H and H,0,, both less electrophilic than peracids, can be
catalyzed by transition metals that may also be present in
ambient particles (28). Other oxidation paths may involve
reaction with ozone, (29 and references therein), metal oxides
(30), and oxygen radicals. Since all of these oxidant species
are hydrophilic, they will have a tendency to partition to the
aqueous phase. Thus, in ambient air, these reactions likely
occur in the bulk solution of particles with high water content.
This is consistent with previous ATOFMS field studies where
a strong RH dependence of the amine-related peaks at m/z
86, 101, 102, and 118 in ambient particle mass spectra has
been observed (i.e., Figures 1 and 2).

TMAO and TEAO are used in many industrial processes
(31, 32) and widely diffuse in living organisms, playing a
central role in many biological oxidative reactions (33, 34).
Therefore, while these compounds form in the smog chamber
from trialkylamine photooxidation processes, it is also
possible they may be emitted directly into the environment
in their oxidized forms.

Particle Formation. Short alkyl chain aliphatic amines
have relatively high vapor pressures, and thus when present
in the particle phase, they most likely occur in the form of
alkyl ammonium salts. The fact that most of the negative ion
spectra contain peaks due to nitrates is consistent with this
hypothesis. If water is present in these particles, the salts will
dissolve into their ionic forms, thereby removing these
compounds from the gas phase. This will result in an
equilibrium shift from the gas phase to the particle phase for
these species. The observed diurnal behavior suggests they
are semivolatile. This study demonstrates the potential for
using ATOFMS as a monitor for semivolatile species in the
atmosphere, characterizing the short-term variations of
individual organic species over time.

Because gas-to-nitrate particle conversion and gas phase
amine photooxidation processes are known from previous
studies to be rapid reactions, the relatively long time required
to observe particles with the ATOFMS in the smog chamber
experiments can most likely be attributed to the time required
for the particles to grow up to the ATOFMS size detection
limit, e.g., da > 0.2 um. On the other hand, in ambient air,
clusters of the products (i.e., alkyl ammonium salts, alkyl-
amine oxide, and other reaction products) may coagulate
onto preexisting particles. This was tested by introducing
ambient particles in the smog chamber at the end of the TEA
experiment. After several minutes, nearly all of the particle
mass spectra analyzed showed the general amine marker
ion at m/z 86, as well as peaks at m/z 101, 102, 118 and
typical ambient organic and inorganic ion signals. Overall,
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the ATOFMS mass spectra obtained from acid-amine reac-
tions in the presence of these ambient particles are even
more similar to those observed in ambient air than the spectra
obtained from the reactions of pure amines.

The experiments performed in this study demonstrate
that particle formation occurs in the presence of short alkyl
chain secondary and tertiary amines in a smog chamber,
producing particles with mass spectra that are very similar
to those observed for particles in the atmosphere. The
combination of experiments performed in this study il-
lustrates how mass spectral markers can assist in the
identification of species in ambient particles. As described,
particles containing these markers are very commonly
observed and possible sources include the large cattle feedlots
in the nearby city of Chino, CA, as well as vehicle exhaust
based on ATOFMS source characterization and roadside
studies (16). In looking through the patent literature, a
possible source for the amines in mobile emissions may be
additives and/or detergents. These results suggest that
photooxidation and gas-to-particle reaction processes of
amines could be significant contributors to ambient particles
and should be considered in atmospheric chemistry models.
More extensive analysis of ambient data from past field
campaigns, in light of the findings in these studies, will
provide ameans to improve our knowledge of the condensed-
phase chemistry of alkylamines.
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